We propose a coupling-induced intensity-sensing mechanism based on a microring resonator. Different from the conventional intensity sensor, the resonator is working under the analyte-induced variable coupling. The coupling coefficients are highly sensitive to changes of the analyte, thus leading to significant analyte-dependent output intensity. This advanced sensing mechanism is proved with a detection limit of 1:23 × 10 −7 , predicted based on the coupled-mode theory. By introducing a phase bias in the Mach-Zehnder interferometer, the detection limit may be enhanced further to 4 × 10 −8 , which is demonstrated to be up to 1 order of magnitude more sensitive than that provided by comparable conventional sensors.
INTRODUCTION
Microring resonators (MRRs) are attracting considerable attention due to their highly wavelength-selective resonances, which make MRRs of interest for applications as filters, buffers, modulators, and sensors [1] [2] [3] [4] . Advances in Si photonics have led to the demonstration of Si MRRs on an ultracompact scale [5] . With regard to sensing, Si MRRs can potentially be used to realize portable, high-sensitivity light-based chemical sensors [6, 7] . The conventional theory of MRR sensors is based on the spectrum-shift mechanism [3, [5] [6] [7] [8] [9] [10] , whereby an analyte-induced shift of a MRR resonance is detected by monitoring the transmission spectrum; however, detecting the entire optical spectrum is time consuming and complicated.
In this article, a spectrum-free intensity sensor, fixing attention on a single wavelength, is proposed and analyzed based on the MRR critical-coupling theory. The effective coupling coefficient can affect the output resonance intensity near the point of critical coupling. Two specific types of microring (MR)-assisted couplers (see Fig. 3 below) are investigated here and are shown to be a highly sensitive to a change of analyte and to provide significant coupling coefficient change during the sensing.
THEORY A. Review of Standard Microring Resonator Sensors
Before we analyze the sensors of real interest, we consider two simpler designs that elucidate issues central to the design of high-sensitivity coupling-induced sensors. To this end, we start with a basic MRR based on a MR waveguide coupled with a straight waveguide, as shown in Fig. 1(a) . The light is input from the left port of the straight waveguide and coupled into the MR through the coupling region indicated by the dashed box. The light transmitted through the device is output from the right port of the straight waveguide.
Based on coupled-mode theory, the output intensity of the basic MRR is [4] I ¼ r − a expðiδÞ 1 − ra expðiδÞ
where r is the self-coupling coefficient, which is related to the coupling coefficient κ by κ ¼ ffiffiffiffiffiffiffiffiffiffiffiffi 1 − r 2 p and a the transmission factor of 1 round trip; L is the MR round-trip length; δ the round-trip phase; and δ ¼ 2πm (m is an integer) at the resonance wavelength λ 0 . Thus, the output intensity on resonance with respect to a normalized input, choosing δ such that expðiδÞ ¼ 1, is
The transmission spectrum I of the MRR and thus the transmission I 0 at resonance are consequently ultimately related to κ of the basic MRR [11] . As shown in Fig. 2 , I 0 decreases rapidly with increasing κ. Critical coupling is defined by the condition I 0 ¼ 0, which occurs near κ ¼ 0:3 in Fig. 2 . At this point, the dependence of I 0 on κ is reversed so that I 0 increases with increasing κ. Thus, I 0 is highly sensitive to changes in κ, especially with small values of κ with the steeper slope of the curve, which is the sensing region shown in Fig. 2 and discussed in the following.
The sensitivity S of the sensor device is defined as
where n eff is the effective index of the waveguide, dn eff is the analyte-induced change of the effective index determined by the waveguide sensitivity, and dI 0 is the resulting change of the resonance output intensity [4] . For the sensor under investigation, we assume that the effect of the analyte is to act on n eff in the coupling region, in which case a change in n eff will produce a change in κ. In this case, we can rewrite the sensitivity S as
S has two contributions; one S 1 is the change in I 0 due to κ, the other S 2 is due to the n eff dependence of κ. The former is S 1 ¼ dI 0 =dκ, and the later is S 2 ¼ dκ=dn eff . S 1 is determined by the relation shown in Fig. 2 . S 2 is determined by the geometric parameters associated with the waveguides and the coupling region.
The basic MRR shown in Fig. 1(a) has the simplest coupling region with direct evanescent coupling to the waveguide, which has a slight variation of κ to the small change of the effective index n eff . Thus, the basic MRR suffers from the problem of the small sensitivity S 2 on the coupler. To enhance the sensitivity, a Mach-Zehnder interferometer (MZI) coupler is used to control the coupling shown in Fig. 1(b) . In this design, the effective coupling coefficient κ between the waveguide and the MR can be tuned sensitively, thus a larger S 2 can be obtained. The effective coupling coefficient κ of the MZI coupler is [12] 
where κ c is the coupling coefficient of two individual couplers in the MZI and t r (t b ) and ϕ r (ϕ b ) are the transmission and phase of the upper and lower arm in the MZI, respectively. This provides enhanced coupling tuning efficiency by the analyte-induced index change based on the interference of the MZI coupler compared with the design of Fig. 1 (a); however, it is still limited by the small length of the MZI arms, which has a small phase difference change to affect the κ.
B. Microring-Assisted Mach-Zehnder Interferometer Coupler Sensors
In this subsection, we introduce the design of interest, namely the MR-assisted MZI coupler sensor that overcomes some of the limitations of the MZI-coupled sensor discussed in the Subsection 2.A. To further improve the sensitivity S 2 of the effective coupling coefficient κ to n eff induced by the analyte, a MR-assisted MZI coupler is introduced with two types of configurations, as shown in Figs. 3(a) and 3(b). The MR is coupled to one arm of the MZI coupler with coupling coefficient κ 1 . The two couplers in the MZI have the same coupling coefficient κ c . We call the upper ring the sensing microring (SMR) and the lower ring the resonance microring (RMR). The arm directly coupled to the SMR [i.e., the upper arm in Fig. 3(a) ] is the SMR arm; the other (lower) arm is the bend arm. The SMR is coupled with one waveguide in the Type I configuration [ Fig. 3 (a)] and coupled with dual waveguides in the Type II configuration [ Fig. 3(b) ]. Both sensors have the MZI as part of the coupler within the MR that is different from the one in [10] , where the dual MR is coupled to each arm of the MZI, respectively. The SMR has a dramatic variation of both intensity and phase output proximate to resonance [9] . In our case, the SMR is working at λ 0 , and it is sensitive to the presence of analyte such as an intensity sensor in [9] . The transmission t r just of the SMR arm in the Type I configuration is
where a 1 is the transmission factor for one round trip in the SMR, r 1 is the self-coupling coefficient, and θ is the round-trip phase, which is related to the effective index n eff as The transmission t r just of the SMR arm in the Type II configuration is
where ffiffiffiffiffi a 1 p represents the transmission factor for half of a round trip in the SMR, and κ 2 1 þ r 2 1 ¼ 1. The SMR has the same diameter as the RMR; thus, they have the same resonance wavelength λ 0 . Assume the bend arm transmission is t b ¼ 1. Then the SMR arm transmission is t r in Eqs. (6) and (8), respectively, for the Type I and Type II configurations. The phase difference ϕ b − ϕ r between the two arms of the MZI is assumed to originate from the SMR. We have as a consequence
where n is an integer and ϕ ring is the phase change through the SMR [13] . In addition to the sensitivity, the sensor's performance can be characterized by the detection limit δn
where δI is the intensity detection limit of the device, typically 3:0 × 10 −3 in a 30 dB signal-to-noise ratio measurement system. The detection limit is a key figure of merit of the device for practical considerations [8] .
SIMULATION AND DISCUSSION
Based on the theory model of the MR-assisted MZI-coupled MRR above, we simulate the output intensity of the sensor in the presence of various analytes. We choose parameters typical of Si-based devices operating in the near infrared.
The device operates at the resonance wavelength λ 0 ¼ 1:55 μm, while κ c ¼ 0:707 and L ¼ 316 × 1:55=1:9 μm. The effective index n eff of the Si waveguide with a 240 nm × 500 nm cross section is 1.9 for the TM mode [14] . In the presence of the analyte, n eff changes slightly. Consequently, the effective coupling coefficient κ can be calculated from Eq. (5), where t b ¼ 1 and t r is from Eqs. (6) and (8) for both types, respectively. And the phase difference ϕ b − ϕ r is from Eq. (9). In Eqs. (6) and (8), the transmission is calculated under r 1 ¼ 0:99 and a 1 ¼ 0:999, and the phase θ is determined by Eq. (7), where n eff varies due to the analyte change. The result is shown in Fig. 4 , where κ in the Type I configuration is seen to increase from 0.1 to 0.9, while κ in the Type II configuration is seen to decrease from 0.5 to 0 with a change in the n eff of ∼1 × 10 −4 , which can cover the range of the slight analyte change. Thus, both types of MR-assisted MZI couplers are predicted to have significant coupling coefficient variations to the analyte change.
Based on the same analyte-induced change in n eff , the resonance output intensity I 0 changes under various coupling conditions, as shown in Fig. 5 . With the foregoing significant change of κ due to the MR-assisted coupler, the output intensity I 0 in turn is highly sensitive to the analyte-induced change in n eff . As shown in Figs. 2 and 4 , critical coupling occurs when κ ∼ 0:3. Comparing both types of sensors, I 0 for the Type II configuration is a steeper function of n eff than for the Type I configuration. This is because κ for the Type II configuration is rapidly changing within the sensing region shown in Fig. 5 , dI 0 is ∼0:77 and dn eff is ∼3:0 × 10 −5 for the Type I configuration and dI 0 ∼ 0:98 and dn eff is ∼1:6 × 10 −5 for the Type II configuration. Thus, the detection limits δn ∼ 1:17 × 10 −7 refractive index unit (RIU) and ∼4:9 × 10 −8 RIU are obtained for the Type I and II intensity sensors, respectively. Thus, the Type II sensor has higher sensitivity for intensity sensing at a fixed wavelength than the Type I sensor.
The MR-coupled MZI can have the Fano resonance when there is a phase bias between the arms, which can provide the higher intensity sensitivity [9, 15, 16] . Here a phase bias is introduced to the MZI coupler to discuss the effect. The phase difference ϕ b − ϕ r between the two arms of the MZI is assumed to originate solely from analyte-induced changes in the optical properties of the SMR in Eq. (9) . We now introduce a phase bias by adjusting the length of the SMR arm. Thus, the phase difference in Eq. (9) assumes the form
where Δϕ is the phase bias. The n eff dependence of κ is shown in Fig. 6(a) , and the corresponding transmitted intensity I 0 is shown in Fig. 6(b) . When Δϕ ¼ 0, the curves for κ and I 0 are symmetric around the critical coupling point in both types as was shown in Figs. 4 and 5. When Δϕ ¼ 0:5π, however, the curves for κ for both Type I and Type II configurations become asymmetric, as shown in Fig. 6(a) . Note that the range of κ for the Type II device shifts to higher values compared with the one without the phase bias, as in Fig. 4 . There are two critical coupling points for the Type I configuration and one for the Type II configuration, respectively. This is because the upshifted asymmetric curve of the Type II configuration is moving away from the critical coupling value, and only one point is left under this set of parameters. Consequently, the asymmetric intensity curve of the Type I configuration has two points with I 0 ¼ 0, which causes the intensity peak to fold tightly. Thus, sensitivity is enhanced with the steeper slope of the intensity curve in Fig. 6(b) , because the asymmetric curve of κ for the Type I configuration is within the sensing region, with a value from 0 to 0.3, which can consequently cause a peak of I 0 from 0 to 0.9. Thus higher sensitivity is obtained with the steeper slope from the folded asymmetric peak of the I 0 . The detection limit is δn ∼ 1:6 × 10 −8 RIU for the Type I configuration with a nonzero phase bias.
The MR-assisted MZI-coupled MRR exploits the couplinginduced intensity change due to the presence of the analyte, which is different from the conventional spectrum-shift MRR sensor, where the shift of the entire resonance spectrum is monitored. Taking the same coupling coefficient as in Fig. 4 for a conventional MRR sensor under the critical coupling condition (r ¼ a ¼ 0:99), a comparison of the intensity change as a function of the effective index change among these sensors is shown in Fig. 7 . The curve for the conventional sensor is much less sharply peaked than those for the others. In addition, the Type I sensor with phase bias has a steeper intensity curve. Thus, the coupling-induced intensity sensor exhibits higher sensitivity than the conventional sensor. 
CONCLUSION
In this paper we study novel MR-based sensors that may permit highly sensitive intensity detection to an analyte without necessitating monitoring of the entire resonance spectrum. The physical mechanism underlying their superior performance is the significant coupling coefficient change from the MR-assisted MZI coupler that can change the criticalcoupling condition, resulting in a large change in the output intensity. At the resonance wavelength λ 0 , the output intensity I 0 is sensitive to κ, especially within the small κ region. Based on this property, two types of MR-assisted MZI coupler are investigated and applied in the MRR to function as an intensity sensor. The detection limit of the Type II sensor without phase bias is predicted to be δn ∼ 4:9 × 10 −8 . Furthermore, a phase bias is introduced in the SMR arm of the MZI in the Type I sensor, resulting in δn ∼ 1:6 × 10 −8 , which is 1 order of magnitude smaller than that for conventional MRR sensors [8] . The silicon strip waveguide has index sensitivity of 0.4, which means the dn eff ¼ 0:4 × dn a (where n a is the index of the cladding analyte) [17] . Therefore, the detection limit of n a is δn a ∼ 1:23 × 10 −7 for Type II and δn a ∼ 4 × 10 −8 for Type I. By comparing the intensity curves of the conventional MRR sensor and the coupling-induced sensors, a higher sensitivity is observed in the latter due to the steeper slope of the curve for I 0 versus n eff . Thus, the coupling-induced intensity sensor based on the MRR is demonstrated to provide a different and superior approach to intensity sensing by providing enhanced sensitivity.
